Abstract In the present study, we have evaluated a boronated dendrimer-epidermal growth factor (BD-EGF) bioconjugate as a molecular targeting agent for boron neutron capture therapy (BNCT) of the human EGFR genetransfected F98 rat glioma, designated F98 EGFR . EGF was chemically linked to a heavily boronated polyamidoamine dendrimer (BD) by means of the heterobifunctional reagent, mMBS. Biodistribution studies were carried out at 6 h and 24 h following intratumoral (i.t.) injection or intracerebral (i.c.) convection enhanced delivery (CED) of 125 I-labeled or unlabeled BD-EGF (40 lg 10 B/10 lg EGF) to F98 glioma bearing rats. At 24 h. there was 43% more radioactivity in EGFR(?) tumors following CED compared to i.t. injection, and a doubling of the tumor boron concentration (22.3 lg/g vs. 11.7 lg/g). CED of BD-EGF resulted in a 7.29 increase in the volume of distribution within the infused cerebral hemisphere and a 1.99 increase in tumor uptake of BD-EGF compared with i.t. injection. Based on these favorable biodistribution data, BNCT was carried out at the Massachusetts Institute of Technology nuclear reactor 14 days following i.c. tumor implantation and 24 h. after CED of BD-EGF. These animals had a MST of 54.1 ± 4.7 days compared to 43.0 ± 2.8 days following i.t. injection. Rats that received BD-EGF by CED in combination with i.v. boronophenylalanine (BPA), which has been used in both experimental and clinical studies, had a MST of 86.0 ± 28.1 days compared to 39.8 ± 1.6 days for i.v. BPA alone (P \ 0.01), 30.9 ± 1.4 days for irradiated controls and 25.1 ± 1.0 days for untreated controls (overall P \ 0.0001). These data have demonstrated that the efficacy of BNCT
Introduction
The gene encoding the epidermal growth factor receptor (EGFR) and its mutant isoform, EGFRvIII, frequently are overexpressed in malignant gliomas and both are low or undetectable in normal brain [1, 2] . Based on these differences in receptor expression, we have carried out studies using either boronated EGF [3] [4] [5] or anti-EGFR monoclonal antibodies (mAbs) [6] [7] [8] [9] as molecular targeting agents for boron neutron capture therapy. BNCT is a binary system based on the selective uptake of sufficient amounts of boron-10 (*10 9 atoms/cell) by tumor cells, followed by irradiation with low energy (\0.025 eV), thermal neutrons. The resulting nuclear capture and fission reactions produce a particles and recoiling 7 Li nuclei, which have high linear energy transfer (LET) and pathlengths of approximately 9 lm and 5 lm, respectively. Each component can be manipulated independently, so that the interval between administration of the capture agent and neutron irradiation can be adjusted to an optimal time at which the differential between boron concentration levels in normal tissues and tumor are maximized. For BNCT to be successful, there must be selective accumulation of 10 B in the tumor, low levels in blood, endothelial cells and normal brain, and a sufficient thermal neutron fluence must be delivered to the tumor site. These requirements are discussed in detail in several recent reviews [10] [11] [12] and a recently published monograph [13] .
One of the major challenges for effectively treating high grade gliomas with BNCT is how to selectively deliver a sufficient amount of 10 B to individual tumor cells to sustain a lethal 10 B(n,a) 7 Li capture reaction. Using F98 rat glioma cells, which had been transfected with the wildtype human EGFR gene and has been designated F98 EGFR , we have observed enhanced survival of glioma bearing rats following direct intratumoral (i.t.) injection of boronated EGF either alone or in combination with boronophenylalanine (BPA) [3, 5] . In order to increase the tumor up take of boronated EGF (BD-EGF), in the present study we have employed convection enhanced delivery (CED) to improve targeting of the EGFR (?) F98 EGFR glioma [4] . CED is an innovative method for local drug delivery to brain tumors by which a pressure gradient, or bulk flow, is used to drive an infusate through the extracellular fluid compartment [14, 15] . It allows delivery of the infusate to the tumor and surrounding brain at much higher concentrations than could be achieved by systemic administration. As demonstrated in animal studies [4, 16, 17] , and in several clinical trials [18] [19] [20] , CED has not only increased the delivery of both low and high molecular weight agents, but also has improved their therapeutic efficacy.
In the present study, we have compared the efficacy of BNCT following either i.t. injection or CED of BD-EGF in rats bearing i.c. F98 EGFR gliomas. As described in detail in the following report, CED of BD-EGF was therapeutically more effective than i.t. injection for BNCT of F98 EGFR glioma-bearing rats.
Materials and methods

Production and characterization of F98 EGFR -expressing glioma cells
The F98 rat glioma cell line (#CRL-2397, American Type Culture Collection, Manassus, VA) was derived from a brain-tumor bearing CD-Fischer rat, whose mother had received N-ethyl-N-nitrosourea during pregnancy and it has been propagated in vitro and in vivo for almost 50 years [21] . F98 cells were transfected with the pLXIN vector containing a wild-type EGFR, cDNA, as described by us in detail elsewhere [3] . One cell line, designated F98 EGFR , was selected for the studies described in this report.
Expression of EGFR on F98 EGFR cells was quantified by means of fluorescence activated cell sorting (FACS). Monoclonal antibody (mAb), EGFR-1 (BD PharMingen, San Jose, CA) was used to determine EGFR site density. This is an IgG 2b mAb directed against the extracellular domain of wild-type EGFR and is non-reactive with EGFRvIII. Wildtype F98 (F98 WT ) and F98 EGFR cell lines were analyzed by quantitative FACS, as described in detail elsewhere [22] . Incubation of the bead sample with an identical aliquot of fluoresceinated mAb, used for cell analysis, permitted the extrapolation of the number of antibody molecules bound per cell. The optimal concentrations of the fluoresceinated mAbs were determined by repeated titrations of mAb EGFR-1 versus NR6 W cells, which expressed wild-type EGFR [23] . A concentration of 10 lg/ml of mAb EGFR-1 fully saturated all available receptor sites on 10 6 cells. Background binding was determined by inclusion of fluoresceinated, irrelevant IgG 1 and IgG 2b as isotype controls and the EGFR negative cell line, NR6 M. The number of EGFR sites expressed by the transfected F98 EGFR cells was determined by quantitative FACS using the Quantum Simply Cellular system (Flow Cytometry Standards Corp., San Juan, Puerto Rico.
Tumor implantation and MRI studies
All animal studies were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy Press, Washington, DC, 1996) and a protocol was approved by the Institutional Laboratory Animal and Use Committee (ILUAC) of The Ohio State University. Fischer rats, purchased from the Animal Production Branch, National Cancer Institute, Frederick, MD, and weighing 200-220 g, were anesthetized with a 1.2:1 mixture of ketamine/xylazine. Following this, 10 3 tumor cells were implanted stereotactically i.c. into the right caudate nucleus, as previously described [24] . A small plastic screw (Arrow Machine Manufacturing, Inc., Richmond, VA) with an entry port, which allowed insertion of a 27 gauge needle, was embedded into the calvarium prior to implantation. In order to compare the growth rates of F98 WT and F98 EGFR gliomas, tumor bearing rats were imaged using a Varian Unity Inova Magnetic Resonance System (Varian, Palo Alto, CA) beginning 8 days after implantation. The tumor volume was measured using T2-and T1-weighted magnetic resonance imaging (MRI) every second day [25] . The T2-weighted images were acquired using multislice fast spin echo (FSE), as described by us in detail elsewhere [26] .
Immunohistochemical characterization of the F98 EGFR glioma Rats bearing i.c. implants of either F98 WT or F98 EGFR gliomas were euthanized at that point in time when they showed clinical signs of a progressively growing brain tumor [27] . The brains were removed and fixed in 10% buffered formalin, following which they were embedded in paraffin. Four lM sections were cut and stained with hematoxylin and eosin (H&E) for routine histologic examination. Immunostaining for wildtype EGFR, using the anti-EGFR mAb, EGFR-1 (Zymed, South San Francisco, CA), was carried out on formalin-fixed paraffin embedded tissue that were cut at 4 m, as per instructions of the manufacturer, using the anti-EGFR1 mAb at a 1:1,000 dilution. Slides then were washed in phosphate buffered saline (PBS) and the appropriate dilution of biotinylated rabbit anti-mouse IgG (DAKO Corp., Carpinteria, CA) was applied. They then were incubated for 30 min. at ambient temperature, washed again in PBS (pH = 7.4), and exposed to horseradish peroxidase-avidin complex (ImmunoPure Ultra-Sensitive ABC Staining kit and Metal Enhanced DAB Substrate kit, Pierce) for 30 min., washed with PBS, and developed with diaminobenzidine.
Preparation of boronated EGF
A fourth-generation polyamido amine (PAMAM) dendrimer, which is composed of repetitive amino groups arranged in a starburst pattern, was boronated with a boron-10 enriched ([98% 10 B) methylisocyanato polyhedral borane anion, Na(CH 3 ) 3 NB 10 H 8 NCO, to yield a boronated dendrimer (BD) using a procedure described in detail elsewhere [28] . EGF was derivatized with the heterobifunctional reagent m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (mMBS) (Pierce Chemical Co., Rockford, IL) and linked to sulfhydryl-containing BD to yield a BD-EGF bioconjugate. Boron was quantified by means of direct current plasma-atomic emission spectroscopy (DCP-AES) using a Spectraspan VB spectrometer (Applied Research Laboratories, La Brea, CA), as previously described [29] . Fractions, containing peak concentrations of both protein and boron, were pooled and used in the studies described below.
Biodistribution of BD-EGF following either convection enhanced delivery or intratumoral injection
For radiolocalization studies, BD-EGF was reacted with Bolton-Hunter reagent to introduce a phenolic function into the bioconjugate. It then was radioiodinated with 125 I-NaI by means of a procedure described by us in detail [28] .
125 I labeled BD-EGF was shown to be stable and was not dehalogenated for at least one week when kept at 4°C. F98 WT or F98 EGFR cells (10 5 per 10 ll) were implanted stereotactically into the right caudate nucleus of Fischer rats. Twelve to 14 days later biodistribution studies were initiated. Rats were anesthetized with a mixture of ketamine/ xylazine, following which intratumoral (i.t.) injection and CED of 125 I-BD-EGF were performed via a 27 gauge needle that had been inserted into the entry port of the plastic screw. This had been embedded in the calvarium at the time of tumor implantation. Intratumoral injection of 10 ll of the bioconjugate was carried out over a 2 min time period by means of a 25 ll Hamilton syringe. CED was carried out using a syringe pump (Harvard Apparatus Co, Cambridge, MA) to deliver 10 ll of BD-EGF at a flow rate of 0.33 ll/ min for 30 min. Rats received 5 lCi of 125 I-labeled BD-EGF (40 lg of boron/10 lg EGF) by either CED or i.t. injection and were euthanized either 6 or 24 h later. Tumor, normal brain, blood and other tissue samples were taken and biodistribution was determined by means of c-scintillation counting using a well counter. Tissue samples were counted along with triplicate samples of the injectate in order to correct for decay of the isotope before c counting. In a separate study to quantify the uptake of boron in tumor and normal tissues, the animals received non-radiolabeled BD-EGF, either alone or in combination with i.v. BPA, i.t. injection or CED. The animals were euthanized 24 h following administration. Boron concentrations were determined by means of DCP-AES [29] , and the percent injected dose per gram (% ID/g) was calculated.
Boron neutron capture therapy experiments BNCT was performed 14 days following stereotactic implantation of 10 3 F98 EGFR glioma cells into male Fischer rats. Animals were transported to the Nuclear Reactor Laboratory at the Massachusetts Institute of Technology (MIT) and then randomized on the basis of weight into experimental groups of 8-11 rats each as follows: Group 1, i.t injection of BD-EGF and BNCT; Group 2, CED of BD-EGF and BNCT; Group 3, i.t. injection of BD-EGF plus i.v. BPA and BNCT; Group 4, CED of BD-EGF plus i.v. BPA and BNCT; Group 5, i.v. BPA and BNCT; Group 6, CED of saline and neutron irradiation; and Group 7, CED of BD-EGF. BNCT was initiated 24 h after i.t. injection or CED of 10 ll of BD-EGF (40 lg of 10 B/ 10 lg of EGF) and 2.5 h after i.v. administration via the penile vein of BPA (500 mg/kg body weight) (Katchem, Ltd., Prague, Czech Republic). All irradiated rats were anesthetized with a 1.2:1 mixture of ketamine and xylazine. BNCT was carried out, as described in detail elsewhere [6] at the MITR-II research reactor in the M011 irradiation facility. This produces a beam of thermal neutrons of high purity and intensity with no measurable fast neutron component.
Dosimetry
Dosimetric measurements were performed on both dead rats and phantoms made from type 6 nylon, using bare gold foils and a graphite walled ionization chamber (V = 0.1 cm 3 ) flushed with reagent grade CO 2 [30] . The measured dose rates in brain (2.2% nitrogen by weight), normalized to the reactor operating at a power of 5 MW, were 18.5 cGy/min for the 1 H(n,c) 2 H capture reaction with tissue hydrogen, 7.7 cGy/min for the 14 N(n,p) 14 C capture reaction with tissue nitrogen and 3.4 cGy/min per lg 10 B in tumor and normal tissues. As previously described in a preceding section for dosimetric calculations, boron concentrations were determined in tumor normal brain and blood in a separate group of animals 24 h after administration of BD-EGF and 2.5 h after i.v. injection of BPA. Animal irradiations were performed with the reactor operating at a power between 4.0 and 4.8 MW. These took between 6.9 and 8.6 min to deliver a thermal neutron fluence of 2.64 9 10 12 n.cm -2 to complete previous dose prescriptions [5, 6] . After completion of BNCT, the animals were held at MIT for *3 days to allow induced radioactivity to decay, following which they were returned to The Ohio State University in Columbus, OH for clinical monitoring.
Monitoring of clinical status and neuropathologic evaluation
All animals were weighed three times per week and their clinical status was evaluated at the same time. Once the animals had progressively growing tumors, as evidenced by the combination of sustained weight loss (20% of body weight over 3 d), ataxia and peri-orbital hemorrhage, they were euthanized in order to minimize discomfort. Survival times were determined by adding 1 day to the time between tumor implantation and euthanization by exposure to halothane vapor. Rats surviving [180 days were designated long term survivors and were euthanized. The brains of all animals in the therapy studies were removed after death, fixed in 10% buffered formalin, and then cut coronally at the level of the optic chiasm and 2 mm anterior and posterior to it. Tissue sections through the tumor were embedded in paraffin, cut at 4 lm, stained with H&E, and examined microscopically to assess histopathologic changes. The tumor size index was determined from H&E stained coronal sections of brain, using a semiquantitative grading scale ranging from 0 to 4. Each section was scored as follows: 0, no tumor; 1, very small (i.e., microscopic, \1 mm); 2, small (*1-3 mm); 3, large (*4-7 mm); and 4, massive ([8 mm).
Statistical evaluation of data
The means and standard deviations (SD) were computed for boron concentrations in the tumor, brain around tumor (BAT), ipsilateral (tumor bearing) and contralateral (nontumor bearing) cerebral hemispheres, and blood and the T:Br concentration ratios were calculated for each group. The Wilcoxin-Gehan rank sum test [31] was used to evaluate survival data following implantation of logarithmically incremental numbers of F98 WT or F98 EGFR glioma cells. To study the effects of BNCT on survival of F98 glioma bearing rats, the mean survival time (MST), standard error (SE), and median survival time (MeST) were calculated for each group using the Kaplan-Meier estimate. Kaplan-Meier and Cox survival curves also were plotted for each group. An overall log rank test was performed to test for equality of survival curves over the seven groups. The Wald test was used for these comparisons, with a Bonferroni method of adjustment for the multiple comparisons [32] . The percent increased life span (%ILS) was determined from the following equations where ''t'' designates treated and ''u'' designates untreated animals: The morphology of the F98 EGFR glioma was indistinguishable on H&E-stained sections from that of the F98 WT glioma, as was previously described by us [33] . The tumor was composed of a mixed population of spindle shaped cells with fusiform nuclei, frequently forming a whorled pattern of growth, and a smaller subpopulation of polygonal cells with round to oval nuclei. Infiltrating islands of tumor cells were seen at varying distances in the adjacent white matter, and usually, they surrounded a central capillary. Immunostaining of sections of the F98 EGFR glioma with EGFR-1 mAb was strongly positive while in contrast F98 WT tumors were uniformly negative.
Determination of in vivo tumor growth rate MRI studies were carried out in a small subset of animals to non-invasively quantify tumor growth rates as a function of time. Plots of the mean tumor volume versus time for the F98 EGFR and F98 WT gliomas are shown in Fig. 3 , and these were statistically equivalent (P [ 0.25). Based on MRI measurements, the mean tumor volumetric doubling times (± SE) for the F98 WT and F98 EGFR gliomas were 59.8 ± 4.8 and 53.2 ± 6.2 h (Fig. 2) , respectively, which were not significantly different (P [ 0.05).
Biodistribution of BD-EGF following CED
As determined by c-scintillation counting of individual animals, between 1 and 6 h following i.t. injection or CED, 65-73% ID/g of BD-EGF was non-specifically localized in F98 EGFR and F98 WT tumors and the differences between the CED and i.t. injection group were not significant (P [ 0.2) (data not shown). However, as shown in Fig. 3 , by 24 h following CED, 47.5% ID/g of BD-EGF was retained in F98 EGFR gliomas compared to 33.2% ID/g following i.t. injection (P \ 0.01), indicating that retention of the bioconjugate was dependent upon EGFR expression. In contrast, following either CED or i.t. injection of BD-EGF in F98 WT glioma bearing rats, only 12.3% and 9.4% ID/g, respectively, were retained in the gliomas. These were significantly different (P \ 0.003) from the values observed in F98 EGFR glioma bearing animals. In contrast, the amounts of BD-EGF in brain and blood were not significantly different for CED and i.t. injection groups.
Boron concentrations and dosimetry
Tumor, normal brain and blood boron concentrations at 24 h following either CED or i.t. injection of BD-EGF Fig. 1 (40 lg of 10 B/10 lg EGF) are summarized in Table 1 . The tumor boron concentration in rats that received CED of BD-EGF was 22.3 lg/g compared with 11.7 lg/g for i.t. injection (P \ 0.005). The corresponding boron concentrations in normal brain of the ipisilateral (tumor bearing) cerebral hemisphere were 3.1 lg/g and 2.9 lg/g, respectively. Boron concentrations following either CED or i.t. injection of BD-EGF in the contralateral (non-tumor bearing) cerebral hemisphere, blood, liver, kidneys and spleen all were at undetectable levels (\0.5 lg/g). Dosimetric calculations were based on mean boron concentrations of tumor, brain and blood at 24 h following CED of BD-EGF and 2.5 h after i.v. administration of BPA in a separate group of untreated animals. Based on these total boron concentrations, the mean absorbed physical dose delivered to F98 EGFR tumors was 6.6 Gy following CED of BD-EGF, 4.4 Gy following i.t. injection and 5.0 for i.v. BPA alone and 10.0 Gy in combination with CED of BD-EGF and 7.4 Gy in combination with i.t. BD-EGF. The normal brain doses ranged from 1.9 to 3.2 Gy. All radiation doses were expressed as the physical absorbed doses and no attempt was made to apply biological weighting factors due to a lack of information on the in vivo cellular and subcellular distribution of BD-EGF.
Therapeutic response of glioma bearing rats following BNCT
All animals in a pilot study to determine tolerance to BNCT following CED of BD-EGF lost *10% of their b.w. within 7-10 days after treatment. Rats that received CED of 40 lg of 10 B/10 lg BD-EGF and 500 mg/kg b.w. of BPA i.v. lost \10% of their b.w., but regained it within 2 weeks. Based on these results, this dose of BD-EGF was selected for therapy studies. All rats tolerated BNCT without any untoward effects and 3-7 days later they were returned to Columbus, Ohio for clinical monitoring. Survival data are summarized in Table 2 and Kaplan-Meier and Cox survival plots for BNCT treated animals and irradiated controls are shown in Figs. 4 and 5, respectively. Untreated control rats had a MST ± SE of 25.1 ± 1.0 days compared to a modest increase of 30.9 ± 1.4 days for the irradiated controls. Animals that received BD-EGF by CED, followed by BNCT, had a MST of 54.1 ± 4.7 days (range 40-92 days) compared to 43.0 ± 2.8 days for i.t. injection of BD-EGF. Animals that had received BD-EGF by CED in combination with i.v. BPA had a MST of 86.0 ± 28.1 days (range 44-350 days) with one rat surviving [365 days compared to 39.8 ± 1.6 days (range 33-48 days) for i.v. BPA alone (P \ 0.01), 30.9 ± 1.4 days for irradiated controls and 25.1 ± 1.0 days for untreated controls. The corresponding % ILS were 243% for the combination versus 116% for CED of BD-EGF and 71% for i.t. injection of BD-EGF. The test for equality of the survival curves indicated that overall, the differences were highly significant (P \ 0.0001). The In contrast, following either CED or i.t. injection of the BD-EGF, only 12.3% and 9.4% ID/ g were retained in F98 WT gliomas, respectively, which was significantly different (P \ 0.003) from that detected in F98 EGFR gliomas. CED of BD-EGF resulted in a 7.29 increase in the volume of distribution within the infused cerebral hemisphere and a 1.99 increase in tumor uptake of BD-EGF compared with i.t. injection, thereby demonstrating the superiority of CED as a mode of administration of the bioconjugate results from these comparisons conclusively demonstrated that the therapeutic effect of CED of BD-EGF was significantly better than that obtained following i.t injection (P \ 0.006).
Histopathologic evaluation
The brains of all animals were subjected to histopathologic examination. Animals that received boronated EGF either alone or in combination with BPA had almost equivalent tumor size indices (3.6, 3.8 and 3.8). Control animals that received either non-boronated dendrimer, which had been conjugated to EGF, or BD-EGF without neutron irradiation had smaller tumor size indices (3.4 and 3.0, respectively). The fact that these animals died with smaller tumors than those that had received BNCT suggests that they may have had more cerebral edema. Histopathologically, the appearance of the tumor in the various treatment groups was similar to that previously described by us for animals that had received the boronated mAb L8A4 [8] . Briefly summarized, irrespective of the treatment, almost all of the tumors were highly infiltrative of surrounding white matter with islands of malignant cells at some distance from the main tumor mass. Small zones of necrosis were seen either centrally or at the periphery of the main tumor mass. There was considerable cellular pleomorphism ranging from spindle-shaped cells showing a storiform pattern of growth to contiguous sheets or clusters of small round tumor cells showing a highly infiltrative pattern of growth.
Discussion
As previously reported by us [3, 5] , i.t. injection of BD-EGF, either alone or in combination with i.v. administration of BPA to F98 EGFR glioma bearing rats, followed by BNCT, resulted in a significant prolongation in survival times compared with those observed in animals bearing EGFR (-) F98 WT tumors. These studies provided proof-ofprinciple for molecular targeting of an EGFR (?) tumor with a boronated bioconjugate and provided a platform to extend our studies to evaluate mAbs as boron delivery agents for BNCT of the F98 EGFR and F98 npEGFRvIII gliomas [6] [7] [8] [9] .
In the present study, we have evaluated CED of BD-EGF as a molecular targeting agent for BNCT of the EGFR positive glioma, F98 EGFR . The best survival data were obtained using BD-EGF, administered i.c. to glioma bearing rats by means of CED in combination with i.v. BPA. These animals had a MST of 86 days compared to 54 days for those that received i.t. BD-EGF and i.v. BPA. The improved survival of animals that received BD-EGF by CED versus i.t. injection (MST 43 days) correlated with a doubling of the tumor boron concentration compared to that obtained following i.t. injection (22.3 lg/g vs. 11.7 lg/g). CED of BD-EGF resulted in a 7.2 fold increase in the volume of distribution within the infused cerebral hemisphere and a 1.9 fold increase in tumor uptake of BD-EGF compared with i.t. injection [4] . The survival data that we have obtained using BD-EGF, administered by CED, are among the best that we ever have observed with the F98 glioma model [34] , and are far superior to those obtained following i.v. delivery of BPA and equivalent to those obtained following i.c. delivery of BPA [27] . Furthermore, BD-EGF in combination with i.v. BPA resulted in MSTs that were comparable to those obtained by its i.c. administration of BPA combined with blood-brain barrier disruption (95 vs. 86 days) [27] . Although the tumor boron concentrations obtained with BD-EGF were only one-third of those obtained with BD-C225 [7] , the MSTs of rats that received BD-C225 and BD-EGF were identical. What are the possible explanations for this? The most obvious is that BD-EGF was more readily internalized [35] than BD-C225 [28] , and therefore this resulted in more favorable microdosimetry (i.e. intracellular versus extracellular localization of boron). In addition, the lower M.W. of EGF (6,000 Da), compared to that of C225 (150,000 Da), should have resulted in a better dispersion and cellular uptake of BD-EGF within the tumor following CED [14] . However, the broad range in survival times of rats that received the bioconjugate either alone or in combination with i.v. administration of BPA strongly suggests that there was considerable variability in the intra-tumoral uptake and cellular distribution of boron within tumor cells, even when it was administered by CED.
Clinically, CED has been and is being used to deliver a variety of agents to patients after surgical resection of their brain tumors to eradicate residual infiltrative tumor cells [18] [19] [20] 36] . Between one and three catheters have been inserted into the resection cavity, and infusion volumes as high as 420 ml have been administered over a 3-week interval without any significant adverse effects [20, 37, 38] . If CED were to be used clinically for the administration of boronated EGF or mAbs directed against either wildtype Cox's method performs a simultaneous fit of the survival curves using all of the data points with a partial likelihood approach. Therefore, the number of data points in each curve includes all of the death times, rather than those animals in a specific group EGFR or EGFRvIII, it probably would have to be carried out over a longer period of time than a few days in order to maximize dispersion of the bioconjugate within the tumor following which there would have to be a long enough interval of time prior to the initiation of BNCT in order to allow for clearance of the bioconjugate from normal brain. After localization of the bioconjugate in the brain interstitium, additional movement within the brain or tumor occurs by diffusion, and the intra-tumoral oncotic pressure can significantly limit the volume of diffusion (V d ) [39, 40] . For high molecular weight (HMW) agents, such as BD-EGF, there is less diffusion within the brain or tumor relative to tissue clearance compared to low molecular weight (LMW) agents and this further reduces V d . The small V d and steep concentration gradients associated with diffusion severely limit the effectiveness of diffusive drug delivery for the regional therapy of brain tumors, and hence the importance of maximizing the convective phase of delivery. Studies by Boucher and Jain have demonstrated that the interstitial pressure and diffusion coefficients vary from one experimental tumor model to another, as well as within the tumor itself [39, 40] . This can produce significant variations in diffusion-driven drug concentrations within the tumor [41] . Although there still may be variations in concentrations of the infusate within the tumor after CED, these are much less than those that would occur after either systemic administration or direct i.t. injection. For example, CED, which produces high-flow microinfusion with volumetric inflow rates of 0.33 ll/min over 30 min, can deliver the same amount of agent to much larger volumes of brain and brain tumor [14, 42] than would otherwise be possible by direct interstitial injection, which has low-flow (diffusion) and a smaller V d [43] The present study has shown that CED can improve the delivery of BD-EGF to much larger volumes of brain and tumor than could be achieved by i.t. injection with a significant pharmacodynamic advantage over systemic administration, where concentrations of HMW agents attain brain concentrations that are only 0.01-0.0001% of the plasma concentration [44, 45] . Although CED currently is the best method that we have to disperse both LMW and HMW agents within the brain, clearly there is a significant need for improvement. If we cannot obtain adequate dispersion and cellular and subcellular distribution of these agents in a rat brain, which weighs only *1.2 g, it is even less likely that they can be adequately dispersed in a human brain that weighs *1,200 g. A major question that must be considered when using a HMW boron delivery agents for BNCT is whether the boronated ligand has a sufficiently high affinity and specificity for the receptor to permit in vivo cellular targeting. Bioconjugates produced by covalently coupling EGF and BSH to an allylated 70 kDa dextran chain had decreased specificity for EGFR as additional BSH groups were attached [46] . In contrast, using BD we have not seen a reduction in specificity of BD-EGF, although the K a was reduced from 10 8 M -1 to 10 7 M -1 [35] Delivery of mAbs or EGF-based bioconjugates to brain tumors is a particularly challenging problem because only small quantities can be expected to localize within the tumor after systemic administration [4, 47, 48] . Another point to consider is that in the present study, we have used tumor cells that uniformly expressed EGFR. However, we know that there is considerable variability in EGFR expression in human gliomas [2, 49] and, therefore, it is highly unlikely that targeting this receptor alone would be sufficient. This is supported by our data on the treatment of composite tumors [9] that were composed of a mixed population of cells expressing either EGFR or EGFRvIII [8] .
At this juncture, our own pre-clinical studies on molecular targeting of EGFR using boronated EGF and mAbs have reached the point where a Phase I clinical trial to evaluate the biodistribution of these agents would be worthwhile [50] . This could be in patients with either GBMs or squamous cell carcinomas of the head and neck [11, 51] , both of which express amplified EGFR. However, as previously stated, BD-EGF and boronated mAbs are not stand alone boron delivery agents, but should be used in combination with BPA and/or sodium borocaptate (BSH). Currently, there are several ongoing clinical trials using BNCT to treat patients with recurrent, therapeutically refractory carcinomas of the head and neck and oral cancer [52, 53] , and this logically would be a good starting point to evaluate either locally or systemically administered boronated EGFR targeting agents in combination with BPA or BSH. Since the anti-EGFR mAb cetuximab now is in wide clinical use [54] [55] [56] [57] , this would be the most logical choice as a targeting agent. If such studies proved to be therapeutically effective, then it would be appropriate to initiate clinical studies in patients with GBM who are candidates for BNCT.
